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ABSTRACT 

Neat  Fibers  of  HiPco  single  wall  carbon  nanotubes  extruded  from  strong  acid  suspensions 
exhibit  preferred  orientation  along  fiber  axes.  We  characterize  the  extrusion-induced  alignment 
using  x-ray  fiber  diagrams  and  polarized  Raman  scattering,  using  a model  which  allows  for  some 
fraction  of  the  sample  to  remain  completely  unaligned.  We  show  that  both  x-ray  and  Raman  data 
are  required  for  a complete  texture  analysis  of  SWNT  fibers. 

INTRODUCTION 

Macroscopic  oriented  arrays  of  single  wall  carbon  nanotubes  (SWNT)  [1-4]  could  be  the 
starting  point  for  the  construction  of  useful  structures  which  maintain  a high  degree  of  the 
excellent  axial  properties  expected  from  perfect  SWNT.  Such  nanotubes  produced  by  the  HiPco 
process  [5]  offer  promise  for  high  strength,  light  weight,  electrically  conducting  structural 
elements  at  lower  cost  than  other  nanotube  forms.  The  properties  of  HiPco  fibers  will  depend  on 
the  degree  of  SWNT  alignment  [6].  In  this  paper  we  study  the  preferred  orientation  by 
combining  diffuse  x-ray  and  polarized  Raman  scattering  [7], 

EXPERIMENTAL  DETAILS 

Fibers  were  produced  from  purified  HiPco  SWNT  [8]  containing  less  than  1 at.%  residual 
metal  catalyst.  Nanotubes  were  mixed  with  oleum  or  100%  sulfuric  acid,  concentrations  up  to  8 
wt.%,  at  ~1 10°C  for  24  hours  with  constant  argon  flow  to  eliminate  moisture.  Mixing  at  low 
concentration  was  achieved  by  a low  shear  magnetic  stirring  while  medium  shear  double  helix 
mixer  was  used  for  high  concentrations.  Fibers  were  then  extruded  into  a coagulation  bath  using 
a syringe  with  no  drawing  applied.  Different  diameter  fibers  were  produced  by  using  syringe 
needles  with  different  inside  diameters.  Detailed  description  can  be  found  elsewhere  [9]. 

Texture  analysis  was  done  on  3 fibers,  all  produced  from  HiPco  batch  93  (purified)  under 
different  experimental  conditions.  HPR93a  was  extruded  from  8%  SWNT  in  100%  sulfuric  acid 
through  a 500  micron  syringe  needle;  HPR93b  was  6%  SWNT  through  a 125  micron  syringe; 
HPR93c  was  6%  SWNT  through  a 250  micron  syringe.  No  mechanical  stretching  was  applied 
during  or  after  coagulation.  The  diameters  of  3 fibers  were  220, 60  and  1 lOpm  respectively, 
about  a factor  of  two  smaller  than  orifice  due  to  collapse  of  the  gel  state.  The  nanotubes  in  neat 
fibers  are  heavily  p-doped  by  sulfuric  acid.  To  measure  the  intrinsic  properties  we  annealed  neat 
fibers  either  in  flowing  argon  at  1 100°C  for  24  hours  or  in  vacuum  at  1 150°C  for  2 hours  using  a 
slow  temperature  ramp  [10],  Most  acid  residue  and  some  amorphous  carbon  were  expected  to  be 
removed  in  the  annealing  process. 


Texture  analysis  was  done  on  neat  and  annealed  fibers  by  combining  x-ray  diffuse  and 
polarized  Raman  scattering.  X-ray  scattering  was  performed  on  a multi-angle  diffractometer 
equipped  with  Cu  rotating  anode,  double-focusing  optics,  evacuated  flight  path  and  2-D  wire 
detector.  All  samples  were  measured  in  transmission  for  2 hours.  For  large  diameter  fibers,  a 
single  piece  gave  enough  signal;  for  small  diameters  several  pieces  were  carefully  assembled 
parallel  to  each  other.  Polarized  Raman  measurements  were  done  in  VV  geometry  on  a 
Renishaw  Ramanscope  1000  system  using  514.4  nm  excitation.  Both  x-ray  and  Raman  data  were 
analyzed  with  a “2-phase”  model  described  here,  to  account  for  both  aligned  and  unaligned 
SWNT. 

RESULTS  AND  DISCUSSION 

HiPco  SWNT  exhibit  weak  or  no  x-ray  Bragg  intensity  due  to  the  broad  diameter 
distribution  [11],  Our  fibers  of  HiPco  also  exhibit  poor  crystallinity,  and  the  x-ray  scattering  in 
the  wide  angle  region  (Q>0. 1)  is  made  up  of  diffuse  scattering  from  isolated  tubes  and  poorly 
crystallized  large  bundles,  plus  the  low  Q tail  of  small-angle  x-ray  scattering  (SAXS)  from 
uncorrelated  pores,  impurity  particles  etc.  The  SWNT-related  diffuse  scattering  should  in 
principle  follow  the  Bessel  function  form  factor  of  a cylindrical  shell  of  charge  [12],  but  the 
oscillations  are  smeared  out  and  we  observe  monotonically  decreasing  intensity  with  increasing 
Q which  cannot  be  separated  from  non-SWNT-related  scattering.  On  the  other  hand  it  is 
reasonable  to  assume  that  only  the  SWNTs  contribute  to  the  observed  anisotropy.  Therefore  we 
can  obtain  reliable  distribution  widths  that  characterize  the  aligned  SWNTs,  but  we  learn  nothing 
about  unaligned  SWNTs.  In  previous  studies  the  on  fibers  or  mats  diffuse  scattering  was 
classified  with  the  sample-independent  background  and  only  the  weak  Bragg  intensity  was 
considered  [3], 

X-ray  profiles  (obtained  by  azimuthal  integration  of  the  2D  data)  from  neat  HPR93a 
fibers  are  shown  in  Fig.l.  No  Bragg  peaks  were  detected  from  the  neat  fiber;  the  broad  peak  at  Q 

~ 1.6  A 1 is  most  likely  due  to  acid  residues  since  amorphous  carbon  is  effectively  removed  by 
the  purification  scheme.  After  vacuum  annealing  we  observe  stronger  low-Q  scattering,  3 weak 
Bragg  peaks  near  0.45, 0.75  and  1 . 1 A , and  the  disappearance  of  the  broad  peak  at  1 .6  A . We 
attribute  these  changes  to  removal  of  acid  residues  and  partial  reorganization  of  tubes  within 
bundles.  Although  vacuum  annealing  improved  the  crystallinity  of  nanotubes  to  some  extent,  the 
main  contribution  to  SWNT  scattering  remains  diffuse. 

From  the  2D  data  sets,  we  take  sectors  along  the  radial  Q direction  out  of  1°  wedges  and 
plot  their  intensity  vs.  azimuthal  angle  x-  Preferred  orientation  is  then  deduced  in  the  range  of 
0.35  < Q < 0.55.  In  Fig. 2(a)  we  show  the  result  from  the  neat  fiber  HPR93c.  The  solid  curve  is 
the  least  squares  fit  to  Gaussians  centered  near  %=0°  and  1 80°  plus  a constant,  where  the  fiber 
axis  is  perpendicular  to  these  maxima.  The  constant  corresponds  to  isotropic  scattering  from  both 
non-SWNT  constituents  and  unaligned  tubes.  The  Gaussians  are  fully  attributed  to  nanotube 
alignment.  We  term  this  analysis  the  "2-phase"  model.  The  fitted  Gaussian  FWHMs  are  63°, 

55°  and  45°  for  neat  fibers  a,  c and  b respectively,  where  b was  spun  from  6%  SWNT  through 
the  125  pm  orifice.  Similar  results  were  obtained  from  the  annealed  counterparts.  Fitted  values 
are  collected  in  Table  I. 
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Texture  is  also  revealed  in  the  small  angle  diffuse  scattering.  Figure  2(b)  shows  the 
azimuthal  dependence  of  the  Q-integrated  intensity  from  0,035  to  0,070  A"1  for  annealed  sample 
e.  The  corresponding  FWHM,  58°,  was  only  slightly  larger  than  the  high  Q result.  Since  the 
scattering  bodies  are  rod-like  nanotube  bundles  or  aggregates,  we  assign  the  anisotropic  SAXS  to 
the  preferred  orientation  along  the  fiber  axis  of  these  rod-like  objects. 


Q(A'’) 


Figure  1,  X-ray  scattering  from  neat  and 
annealed  fiber  HPR93a,  Samples  are  in 
transmission  geometry.  Profiles  are  obtained 
by  azimuthal  integration  of  the  2D  data. 


Figure  2.  Background-subtracted  X-ray  counts, 
summed  over  certain  Q intervals,  every  1°  in  %. 
Data  are  the  symbols;  fits  to  two  Gaussians  plus 
a constant  are  the  smooth  curves.  Top:  neat 
HPR93c;  Bottom:  annealed  HPR93c. 


Raman  measurements  using  y V polarization  were  carried  out  at  many  angles  VF  between 
the  fiber  axis  and  polarization  vector,  to  obtain  a characteristic  distribution  analogous  to  x-ray 
fiber  diagrams  [6,10],  We  used  the  same  “2-phase”  model  as  for  our  x-ray  analysis.  The  fibers 
are  axially  symmetric  so  the  distribution  function  has  cylindrical  symmetry.  We  accounted  for 


431 


anisotropic  optical  attenuation  by  the  nanotubes;  /ab s l/(cos(j>  +K  sin<|))  where  <]>  is  the  angle 

between  polarization  vector  and  nanotube  axis  and  K = a±  / a||  (a||  and  a±  are  the  components 
of  polarized  absorption  coefficients)  [3],  It  is  believed  that  K is  between  0 and  Vi  for  the 
wavelength  of  interest.  In  principle,  both  the  aligned  fraction  A and  FWHM  are  obtained  by 
fitting  the  deviation  from  a /„bscos4vF  law  for  100%  perfectly  aligned  tubes.  Due  to  the  large 
error  bar  of  the  Raman  data,  it’s  almost  impossible  to  reliably  fit  A and  FWHM  simultaneously. 
Thus,  we  input  the  FWHM  from  the  x-ray  analysis  and  perform  a one-parameter  fit  to  the  Raman 
data  that  optimizes  A. 

Peak  intensities  of  the  tangential  Raman  G?-band  at  1590  cm'1  were  recorded  from  3 
different  2 pm  spots  to  account  for  inhomogeneity  in  the  fiber,  at  each  of  7 T values.  Analysis  is 
shown  in  Fig.3.  Least  squares  fits  assuming  K=l/8  show  that  the  aligned  fractions  for  neat 
FIPR93  a,  c and  b are  0.83,  0.90  and  0.94  respectively.  Slightly  smaller  or  larger  values  result 
from  assuming  K=0  and  Vt  respectively,  from  which  we  estimate  the  error  on  A to  be  ±0.02. 

Note  that  A decreases  with  decreasing  orifice  diameter.  An  obvious  explanation  is  that  smaller 
orifices  do  a better  job  of  excluding  or  breaking  up  the  undispersed  aggregates.  Small  increases 
in  A were  observed  after  annealing.  Table  I. 

From  Raman  spectra,  it  is  also  found  that  the  shapes  of  the  RBM  band  and  G band  are 
quite  different  for  neat  and  annealed  fibers,  as  shown  in  Fig.4.  This  is  mainly  because  neat  and 
annealed  samples  are  under  different  resonance  conditions.  Tire  neat  fibers  are  heavily  p-doped 
and  the  doping  shifts  the  Fermi  energy,  thus  certain  tubes  in  neat  fibers  lost  Raman  resonance. 
The  annealing  process  at  high  temperature  de-doped  the  nanotubes  so  that  the  Raman  spectra  of 
annealed  fibers  resemble  those  of  ordinary  HiPco  materials  [II]. 

SUMMARY 

HiPco  fibers  produced  by  simply  extruding  a strong  acid  suspension  of  SWNT  exhibit 
moderate  nanotube  alignment.  Further  improvements  may  be  expected  by  applying  additional 
extensional  flow  or  stretching  in  the  gel  state  [13].  Structural  analysis  by  combining  x-ray  and 
Raman  scattering  unambiguously  shows  that  more  dilute  SWNT  suspension  and  smaller 
diameter  syringe  needle  generally  result  in  fibers  with  better  alignment.  The  synthesis  parameters 
and  texture  analysis  fit  parameters  for  both  neat  and  annealed  fibers  are  summarized  in  Table  I. 
For  the  first  time,  we  show  that  fiber  diagrams  can  be  obtained  from  diffuse  X-ray  scattering  of 
nanotubes.  We  also  show  that  a complete  fiber  texture  can  be  determined  by  combining  x-ray 
fiber  diagram  and  Polarized  Raman  scattering,  using  a “2-phase”  model  which  allows  for  a 
fraction  of  the  sample  to  remain  completely  unaligned.  Results  of  this  analysis  are  used  to 
optimize  the  fiber  process.  Correlation  between  texture  and  anisotropic  thermal  and  electrical 
properties  will  be  reported  elsewhere. 
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Table  I.  Summary  of  the  synthesis  parameters,  texture  analysis  fit  parameters  for  neat  and 
annealed  HiPco  fibers. 


HPR93A 

HPR93C 

HPR93B 

Concentration 

8 wt.% 

6 wt.% 

6 wt.% 

Orifice  (pm) 

500 

250 

125 

Neat 

Annealed 

Neat 

Annealed 

Neat 

Annealed 

FWHM(deg.) 

63 

64 

55 

54 

45 

43 

Aligned  Fraction, 
A (±0.02) 

0.83 

0.86 

0.90 

0.92 

0.94 

0.95 
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